The morphology and growth kinetics of the discontinuous precipitate in a deformed and undeformed Ni-7.5at.%In alloy have been investigated at temperatures ranging from 667 K to 1030 K using light and scanning microscopy. Also, the dependence of the growth rate on some diffusion parameters was experimentally and theoretically studied. The investigation is observed that at all aging temperatures the alloy was observed to decompose completely by discontinuous precipitation into a fine lamellar structure of nickel-rich solid solution and β (Ni 3 In) precipitate phase. The precipitation rate depends strongly on the degree of deformation, this dependence being identical for each of the aging temperatures under investigation. Analysis of the growth rates, lamellar spacing and phase compositions for the discontinuous precipitation reaction showed that they were controlled by grain boundary diffusion. Moreover, a generally applicable procedure for calculating the driving force is presented. The driving forces, calculated in this way, should be more reliable than those calculated with the approximations based on Peterman and Hornbogen laws.
Introduction
The plastic deformation of metals and alloys is of high significance since it is the main component of many engineering processes. Precipitation-hardened materials are used in structural high-temperature applications because of their superior deformation properties. A typical example is the use of nickel-based super-alloys in the construction of turbine blades for aircraft engines. The micro-structure of these materials consists of a dispersion of Ni 3 Al (β) precipitates in a nickel-rich matrix that is often highly resistant to coarsening [3] [4] .
Investigation of the effect of plastic deformation on the discontinuous precipitation reaction (DPR) is necessary to analyze the influences of rolling percentage, aging temperature, and time on the mechanical properties of the alloy [5] [6] [7] .
During the aging process, supersaturated nickel alloys containing 1.4 upto 6.2at.%In have been observed to decompose completely by discontinuous precipitation (DP) into the lamellar mixture of a face-centered cubic (FCC) nickel-rich α solid solution and β (Ni 3 In) precipitation [5] [6] [7] .
The precipitation phenomena play an important role in metal solutions, because they modify the alloy properties, sometimes in a favourable way leading to an increase in hardness and load breaking. The final state of the precipitation process takes place over several phases [8] .
Generally, the reaction of precipitation consists of the decomposition of a supersaturated solid solution 0 α (mother phase) into a mixture of two phases of different compositions [3] , according to the following reaction:
where α is the girl phase, depleted in the alloy element and with the same structure as α 0 , the mother phase, and β is the precipitated phase rich in the alloy element and can be one of the following: a mixed crystal with the same structure in the case of discontinuous precipitation in the alloy system Au-Ni [2] , a mixed crystal with a different structure in the case of the alloy system Pb-Sn [1] , an intermetallic phase in the case of the alloy system Al-Zn [9] , or a liquid phase in the case of the alloy system Pb-Bi [5] .
However, two types of cellular reactions were observed by Spenger and Mack [10] in this alloy system, one fine and the other coarse, in both cases the lamellas are uniformly distributed. Predel and Gust [11] have shown also the same observation, Figure 1 , where the formation of the coarse lamella proceeds mainly between two fine lamellas and in both cases, the process is controlled by the diffusion on the grain boundaries. The fine lamellas are uniformly distributed; in contrast, the distribution of thick lamellas is disordered. So, there is a competition between the primary reaction of precipitation and the coalescence of the lamellas [12] . In old work, one could not observe the coarse lamellas, because probably they appear only after long annealing time. This is the same phenomenon that was observed in many alloys such as Al-Cu [13] , Au-Fe [11] , Cu-Ag [14] [15], Fe-Zn [16] . However, the equilibrium state is not reached in the transformation products as manifested by the presence of a solute concentration profile across the α lamellae. This excess of solute is diminished or even removed owing to the discontinuous coarsening (DC) reaction. Discontinuous coarsening is a reaction during which a fine-lamellar structure is transformed into a coarser one containing the same α and β phases according to the reaction: Figure 1 . Schematic drawing of (a) discontinuous precipitation and (b) discontinuous coarsening [7] .
Experimentally, it was shown that a pre-deformation with the ageing annealing affects considerably the mechanism and the kinetics of precipitation [17] .
Williams [17] confirmed that under the influence of the deformation, the speed of continuous precipitation increases consequently, the degree of supersaturation in solute atom decreases, which implies a reduction in the driving force of the cellular reaction.
The growth rate, lamellar spacing and α-phase composition of the products of the first reaction have been measured and the reaction has been shown to be controlled by grain boundary diffusion of indium at the advancing reaction front. The driving force of discontinuous precipitation reaction, which is associated with the change of free energy introduced by plastic deformation, is positively affected by the plastic deformation of a quenched solid solution.
This problem has been expressed quantitatively by Hornbogen [18] who stated that in the case when the cellular precipitation preceded recrystallization, the driving force of the transformation was equal to the sum of the driving force of precipitation and driving force resulting from the increase of lattice defects in the solution. However, the occurrence of discontinuous precipitation in pre-deformed Ni-3at%In alloy has been studied by Fatmi and Boumerzoug [19] . They found that this reaction is stimulated by prior cold rolling before anisothermal treatments, but below the critical deformation, which is 30% of reduction.
In the present study, the growth kinetics of the discontinuous precipitation reaction in a deformed and undeformed nickel containing 7.5at.%In alloy have been studied for determining the rate controlling process. Also, the aim of the present work is the presentation of a modified form of the dependence the growth rates on of some diffusion parameters taken into the consideration the plastic deformation percentages.
Experimental Details

Materials
The ingots of Ni-In alloy were prepared by melting nickel and Indium, each of purity 3N2. The melting was carried out in an alumina crucible in an induction furnace under argon atmosphere. The cast alloy was homogenized at 1593 K, 21 days in evacuated quartz under a vacuum of 10 −3 Pa and then water quenched.
The homogenized alloy is subjected to cold plastic deformation, in a range from 5% to 30%, using CNC rolling machine at room temperature.
Heat Treatment
The discontinuous precipitation and coarsening reactions were performed in a horizontal muffle furnace at a temperature ranging from 667 K to 1030 K. The specimens were sealed and then aged in a quartz tube under high vacuum of 10
Pa. For aging times, less than one hour the aging was performed in a lead bath.
To avoid any reaction with the molten lead, the samples were wrapped in a tantalum foil.
Metallography
For the microscopic studies, samples were prepared by wet grinding, pre-polishing and "minimet" polishing through 7 µm down to 1 µm diamond paste using a Nylon polishing cloth. They were etched with a solution 10% FeCl 3 in ethanol. The etching time was 30 -90 sec. Sometimes the samples were heated before etching in hot water to improve the etching effect.
Hardness Test
The hardness was measured using Standard Vickers hardness (HV) testing machine with a load of 5 kg, loading speed of 100 mm/s and 15 seconds holding time. The reported hardness measurements are based on an average of minimum four different locations indentations on each of the tested samples.
Results and Discussion
Morphology
In agreement with previous studies [5] Figure 2 . Generally, the discontinuous precipitation reaction (DPR) occurs by migrating grain boundaries between two supersaturated grains boundary from one grain into the other leaving behind the lamellar mixture. Abdou et al. [7] show that the discontinuous cells consist of the same two phases (depleted α and β precipitate) as the discontinuous precipitation cells into which they are growing. Figure 2(c) showing that the discontinuous coarsening reaction occurred after deformation around the grain boundary, not on subgrain. discontinuous precipitation reaction for deformed and undeformed alloy. The curve reflects the effect of hardening by plastic deformation [9] .
Microhardness Analysis
Cell Growth Rates
The reaction front migration rates for discontinuous precipitation (DP) were determined from the slopes of the plots of the true cell width as a function of the Ni-7.5at.%In alloy aging time. The true cell width w was taken to be π/4 times the arithmetic average of the apparent cell width w′ measured statistically on a photomicrograph [7] . The values w′ were obtained by measuring the distance from the start of a cell to its leading edge. About 35 measurements were performed for each aging condition. The migration rates for discontinuous precipitation in deformed and undeformed Ni-7.5.at%In alloy are shown in Figure 4 . The values of the growth rate due to the plastic deformation for the discontinuous precipitation and coarsening reactions are presented in Table 1 and Table 2 Figure 5 . The interlamellar spacing for discontinuous precipitation (DP) versus the aging temperature in deformed and undeformed Ni-7.5at% In alloy. Table 1 . The growth rate and interlamellae spacing values for the discontinuous precipitation due to the plastic deformation in a Ni-7.5at% In alloy at different aging temperature. Table 2 . The growth rate and interlamellae spacing values for the discontinuous coarsening due to the plastic deformation in a Ni-7.5at%In alloy at different aging temperature. The increase of the plastic strain by rolling increases the driving forces for occurrences the discontinuous precipitation and discontinuous coarsening reactions. Otherwise, the factor δ remains constant with the increase the degree of deformation and small changes of the width of the grain boundary can be achieved [22] .
Discontinuous Precipitation
The relationship between the growth rate and the degree of plastic strain for Ni-7.5%In alloy is shown in Figure 4 . The method of the determination the value c G ∆ was verified employing Hornbogen's statement noting that the value of the driving force of recrystallization R F ∆ cannot exceed the value of ΔG. Otherwise, recrystallization would precede the process of DP. Thus, by applying the above rule, it is found that regularity is retained below the 20% of strain and for small changes of the factor λ Ψ . Where δ Ψ is a factor dependent upon the shape and behavior of the interlamellae growth and equal GB RE λ λ ( GB λ is the interlamellae spacing at the grain boundary and RE λ is the interlamellae at the reaction front). To introduce a correction resulting from the changes of λ Ψ , a modified relation was applied that relation express the effect of plastic deformation on the changes of the driving force of cell transformation this correction describes the increase in the pre-exponential factor resulting from deformation. It is a product of the acceleration parameter Z P of the transformation and of the change of the deformation degree [23] . The parameter Z P expressed by the relation;
The modified relation expressing the dependence of the transformation rate upon the aging temperatures is as follows;
The values of v, as determined from Equation (4), are smaller than those determined experimentally as shown in Figure 4 . Such discrepancy is due to the assumption that the driving force of recrystallization equals the driving force for the discontinuous precipitation reaction at the whole of plastic strain.
Analysis of First Cell Growth Kinetics
The growth rate, lamellar spacing and phase composition data for first cell growth are presented in Table 1, Table 2 , Figure 4 and Figure 5 have been [24] for Indium tracer diffusion in stationary grain boundaries. All calculations have been assured that the composition of the α-phase is as given in Table 1 and Table 2 , show the β-phase and α-equilibrium values given by Chuang et al. [25] [26] considering the effect of continuous precipitation can be neglected.
Turnbull Analysis
According to Turnbull and Tu [1] , who modified Zener's volume diffusion control theory for eutectoid decomposition to boundary diffusion controlled growth for discontinuous precipitation; the growth rate of first cells is given by: 
where s is the segregation factor, δ is the interlamellar spacing and D b is the grain boundary diffusion. In Equation (5) Table 4 .
Conclusions
 Supersaturated solid solution of Ni-7.5 at.%In alloy deformed and undeformed is decomposed completely by discontinuous precipitation and coarsening into a lamellar mixture of depleted α and β phases during aging at temperatures ranging from 667 to 1030 K.  The precipitation rate depends strongly on the degree of deformation, this dependence being identical for each of the aging temperature under the solvus line.  The plastic deformation is highly affected the mechanism of occurring discontinuous reactions.  Analysis of the growth kinetics using Aaronson and Liu, Turnbull gives similar results, which suggest that both reactions are controlled by grain boundary diffusion in the reaction front.  The driving force of discontinuous transformation in a deformed alloy is increased continuously as a result of plastic deformation which introduces micro-twins. 
